FY 02-CSSE-012

Proposd Title: I1dentification of Interests, Trendsand Dynamicsin Document Networks
Technicd Category: Computer Science and Software Enginesring (CSSE)

Principd Invegtigator Name: Luis Rocha

E-mail: rocha@lanl.gov

Luis Rocha
Modeling, Algorithms, and Informatics Group (CCS-3)

Identification of Interests, Trends and Dynamics
in Document Networks

Abdract

The prime example of a Document Network (DN) is the World Wide Web (WWW). But many other types of such
networks exist: bibliographic  databases containing  sdentific  publications!,  preprints’, intemd reports’, as wel as
databases of datasats used in soientific endeavors’. Each of these databases possesses severd didinct relationships
among documents and between documents and semantic tags or indices that dasdfy documents appropriatdy. For
ingance, documents in the WWW are related via a hyperlink network, while documents in bibliogrgphic databases are
related by ctation and collaboration networks [Newman, 2000]. Furthermore, documents can be related to semantic
tags such as keywords used to describe ther contet. Given these rdations we can compute digance functions
anongd documents and/or semantic tags, thus credting assoddive networks between thee items, which identify
sronger or wesker co-associations.

This proposd dms to invesigate the hypothess thet the metric behavior of the digance functions defining these
asncidive neworks, can be usad as an indicator of the reevance of collections of documents, the interests of usars
who have sHected certain sets of documents the trends in communities associated with sets of documents, as well
the dynamics of such networks in generd. The hypothess itsdf is based on empiricad evidence gathered and discussed
in the proposd. We are requesting funds to gather more empiricd evidence, invedigate adequate formdiams, vdidae
the hypothesis, and build arecommendation system that makes use of results obtained.

The success of this research would have a grong impact on information retrieval and knowledge management. |If
the hypothesis is correct, we would be adle to predict trends in a given community by the automatic andyds of the
documents they produce . We would adso gan another technique to identify the rdevance of documents and the
interests of users, which would need to be compared to exigting methodology. This impact would be fet on LANL's
current knowledge manegement inititives as wel as externdly, on advandng the dudy of DN in paticular and socd
networks in generd, as wdl as by producing better recommendaion systems for the World Wide Web and digitd
libraries

! Such as MEDLINE (http:/Aww.nim.nih.gov) and SciSearch @LANL (http:/scisearch2.lanl.gov).

2 Quch asthe e-Print Arxiv @ LANL (http:/xoxanl.govi).

% Quch as LANL’ s Undassfied Publications (http:/laup. anl.gov:4003/htmls'repguery.himl).

* Quch as GenBank (http:/Awwwv.nchi.nim.nih.gov/Genbank/) for Nudeic Acid Sequences and PROSITE
(http:/AMww.expasy.org/progitef) for Protein Matif Libraries




1. Harvesting Relations from Document Networks

For eech DN we can idatify severd didinat rdaions among documents and between documents and semantic
tags used to dasdfy documents gppropriatdy. For indance, documents in the WWW are related via a hyperlink
network, while documents in hibliographic databases are rdated by ditaion and collaboration networks [Newman,
2000]. Furthermore, documents can be rdaed to semanttic tags such as keywords used to describe their content.
Although al the technology and the hypothesis here discussed would gpply equdly to any of these rdaions extracted
from DN, let us exemplify the problem with the datasets we have crested for the Active Recommendation Project
(ARP) (http:/arplanl.gov), pat of the Libray Without Wdls Project, a the Ressarch Library of the Los Alamos
Nationd Laboratory [Rochaand Ballen, 2000)].

ARP is engaged in research and development of  recommendation systems for digitd libraries. The information
resources avalae to ARP are large databases with academic atides These databases contain bibliographic, ditation,
ad sometimes abdtract information about academic atides. One of the databases we work with is  SciSearch®,
containing atides from sdentific journds from severd fidds collected by IS (Inditute for Sdentific Indexing). We
collected dl SciSearch data from the years of 1996 to 1999. There ae
2,915,258 records’, from which we extracted 839,297 keywords (semantic

tags) that occurred at lesgt in two diginct documents. Tablel: 10 Most Common

We have compiled rdlationd informetion between records and keywords ]Sf;“ugw‘ed) Keywords and their
and among records. the semantics and the structure of the DN, respectively®. 3
The sructure of a DN is defined by the relations between documerts in the Frequency | Keywor
document collection. In academic databases these rdations refer to citations, 187705 Cdll
while in the WWW to hypelinks. In our case, we work with the citation 150795 studi
dructure of the 1996-1999 SciSearch records. The rdaion between records 149594 system
and keywords dlow us to infer the semantic vaue of documents and the inter- 140738 express
asodaions between keywords. Naturdly, sematics is utimady only 157350 oEn
expressed in the brains of users who uilize the documents, but keywords are
tokens of this utimate expresson, which we can infer from the rddion 124094 modd
between records and keywords. Such samarttic rdation is sored as a very 120215 adtiv
sparse Keyword-Record Matrix A. Each entry a;; in the métrix is boolean and 113740 humen
indicates whether keyword k; indexes (1) record r; or not (0). The sources of 115737 =
keywords are the tams authors and/or editors chose to categorize (index) _
documents, as wel as tile words. The 10 mogt common (femmed) keywords 112702 patient

in the ARP data st are liged in Table I. In subsequent sections we work only
with the ssmantics of DN, though the dructure or pragmetics could be sudied
in the ssme way.

2. Computing Associative Distance Functions
To discern dosness between keywords according to the documents they dassify, we compute the Keyword
Semantic Proximity (KSP), obtained from A by the fdlowing fomula

® Records contain bibliographical information about published documents. Records can be thought of as
unique pointers to documents; thus, for the purpases of this proposd, the two terms are interchangegble.

® We can dso extract apragmatics of the DN from the rlations among authors of documents, referred to
as acollaboration network. For indance, Newman [2000] has sudied such socid networks from deta extracted
from another LANL database (the e-ArXiv pre-print databese).
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The samantic proximity’ between two keywords, k; and k;, depends on the sets of documents indexed by either
keyword, and the intersection of these sats. N(k;) is the number of documents keyword k; indexes, and N (k;, k;) the
number of records both keywords index. This lag quartity is the number of dements in the intersection of the sets
of documents that each keyword indexes. Thus two keywords are near if they tend to index many of the same
documents. Teble Il presentsthe vadues of KSP for the 10 most common keywords in the ARP detaset.

Tablell: Keyword Semantic Proximity for 10 most frequent keywords

odl __gud_sydem express protan mood adiv_humen  rat palient

cdl 1000 0022 0019 0158 0084 0017 0085 0.114 0.068 0.032

dudi 0.022 1.000 0029 0013 0017 0.028 0.020 0.020 0.020 0.037
sydem 0019 0029 1.000 0.020 0.017 0.046 0.022 0.014 0.021 0.014
express 0158 0.013 0020 1000 0126 0011 0071 0.103 0.078 0.020
proein 0.084 0.017 0.017 0126 1000 0.013 0.070 0.061 0.041 0.014
modd 0.017 0.028 0.046 0011 0013 1.000 0.016 0.016 0.026 0.005
ativ 0085 0020 0.022 0071 0070 0.016 1.000 0.058 0.053 0.021
humen 0114 0020 0.014 0103 0.061 0.016 0.058 1.000 0.029 0.021
ra 0068 0020 0021 0078 0041 0.026 0.053 0.029 1.000 0.008

paient 0032 0.037 0014 0.020 0014 0.005 0,021 0021 0.008 1.000

From theinverse of KSP we obtain a distance function between keywords
1

d(K,'ﬂ):ak“—kj)' 1 @)

d is a digance function because it is a nonnegative, symmeric red-vaued function such that d(k, k) = 0 [Shore and
Sawyer, 1993]. Ths digance function indicates how far, semanticdly, a keyword is from another in the st of
keywords. This way, it defines a weighted graph D whose nodes are dl of the keywords extracted from a given DN, ad
the edges are the vdues of d. Clearly, many other types of distance functions can be defined on the dements of a DN.
All of the obsarvaions ad hypothess below would apply equdly, but naurdly, the condudons drawn cannot be
separated by how wel, and how gppropriatdy for a given gpplication, a distance function is cgpable of discerning the
daments of the set it is goplied to. Thus dfferat digance fundions gpplied to citation dructures or collaboration
networks will require distinct semantic congderations than those usad for keyword sets

3. Semi-metric Behavior

d (eg. 2) is not an Eudidean metric because it may vidlate the triangle inequdity: d(ky, k) < d(ky, k3) + d(ks, k)
for some keyword Kk;. This means thet the shortest distance between two keywords may nat be the direct link but rather
an indirect pathway. Such meeaures of digance are referred to as semi-metrics [Gavin and Shore, 1991]. Indeed, given
tha mogt socid and knowledge-derived networks possess Smdl-World behavior [Watts, 1999], we expect that nodes

" Thismeasure of daoseness, formally, is a proximity rlation [Klir an'Y uan, 1995; Miyamoato , 1990]
because it isardlexive and symmetric fuzzy rdation. Itstrandtive dosure isknown asasmilaity rdation (Ibid).
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which tend to be dudered in a locd neighborhood of rdated nodes, have large distances to nodes in other cluders,
but because of the exigence of “gaeway” nodes rdding nodes in different duders (the smal-world phenomenon),
smdler indirect distances between nodesin didinct dugters, through these “ gateway” nodes, are to be expected.

Mog hypotheses are born out of anecdotd, often persond, evidence. The one put forward here is no exception.
It arose from quedtioning what could one infer from the semi-metric behavior of the digance functions cdculated
from DN. Given a digance function, what can we say about a par of highly semi-metric dements from a finite st?
And wheat can we say about the s, from the pairs of highly semi-metric pairsit contains?

To condruct an intuition to answer these quedtions, one needs to ded with very familiar examples. In this casg,
the author could think of no DN more familiar than the set of books cited by his own dissertation [Rocha, 1997]! A
database dmilar (but much amdler) to the one used by ARP contains the rdevant information. This database contains
about 150 books, each indexed by the repective Library of Congress Keywords, for example:

Kearfott, R. Baker and Vladik Kreinovich (Editors). [1996]. Applications of Interval Computations. Kluwer.
Keywords Optimization dgorithms, Fuzzy logic, Uncertainty, Mathematics Religble
Computation, Intervdl Computation.

Tablell1: Digance function for 5 keywords in the dissartation databese From this database, 86 keywords are
Adapive —— Modaing complex  soda extracted. A distance function d is

Sgems EVOUION o goms Sygems Sygems  CAcuaed according to eq. 2. Table I

AdaptiveSysems 000 389 1200 1033 1600 Showsthe vauesof d for 5 of the keywords
Evolution 389 000 2150 422 3500 Ore neds to note tha ths distance

ModdingSydems 1200 2150 000 575 1000 fundion is obtaned from the reldions
Complexgems 1033 422 575 000 1900 etracted from a paticular set of

Sodd Sydems 1600 3500 1000 1900 000  documents (in ths case 150 books).
B o o o Therefore, one shoud not expect these

vdues to represnt a univasdly accepted
thesaurus or the assodiaions one would anticipate from common sense knowledge. Indeed, this kind of distance is used
to charatterize paticular information resources and users from the documents they contain or retrieve [Rocha, 2001].
Inthis case, the assodidive distances between keywords denote the way the dissertation st of booksis rdated.
To dsover the shortet diSances  TaplelV: Shortest distancefor 5 keywordsin the dissertation
between keywords usng the disiance Melric,  gatahase (semi-metric peirs shown initalics).

one uses a (+, min) marix compadtion of D v ol o0
urtil dosure is achieved®. In this case, the cept Evalution 9 0

:imenson (;]f the 9@2 '?]og' thad'f the N GmiveSsems 000 380 1200 811 1600
ongest path cortans s Tede |V Evolution 389 000 997 422 19.89

shows the shortet digtances for the same 5 .
Modd 12.00 9.97 0.00 5.75 10.00
keywords We see for indance that the Ing Systems

e . ComplexSydems 811 422 575 000  15.75
shortest indirect distance between  oiyggems 1600 1080 1000 1575 Q.00
MODELING SYSTEMS and EVOLUTION is — — — —

9.97, wheress the direct distance is 21.5.
This means that the digance between the keyword pair MODELING SYSTEMS-EVOLUTION is semi-metric. This is not
the case of the metric pair ADAPTIVE Sy STEMS-EvOLUTION, for which the shortest digance isthe direct one.

4. Characterizing Semi-metric Behavior

Clearly, semi-metric behavior is a question of degree For some pairs of keywords, the indirect digance provides
a much shorter short-cut, a larger reduction of digance, than for others. One way to capture this property of pairs of
semi-metric keywordsisto compute asemi-metric ratio:

8 Note thet tracitiond algebraic matrix compositionis (*, +).
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_ ddirect(ki K )
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s is podtive and > 1 for semi-metric pairs. In our example, S(MODELING SYSTEMS,EVOLUTION) = 21.5/9.97 =2.157.

This rdio is importat to discover semi-metric behavior necessary for our hypothes's as discussed beow, but given
thet larger graphs tend to show a much larger soread of distance, s tends to increese with the number of keywords.
Therefore, to be ae to compare semi-metric behavior between diffeet DN and their respective different sets of
keywords, arelative semi-metric ratio isdso used:

rslki ;) = v i:K;) - et (K1) _ Ao [K5.K,) - e (1K

dmax - dmin dmax

4

rs compares the sami-metric distance reduction to the maximum possble digance reduction in grgph D. d,.. iS the
largest diganceinthe grgoh, and d,,,, = 0 isthe shortest digance.
Often, the direct digance between two keywords is « because they do not index any documents in common. As
a reault, in dosed graphs, s and rs are d0 « for these cases. Thus s and rs are not capable of discaming the degree
of smi-metric behavior for pars that do not have a finite direct disgance. To detect rdevant ingtances of this infinite
semi-metric reduction, we define the bel ow average ratio:

& ©
dindirect (ki ’kj )

bk k) =

where i represents the average direct distance fromk; to @l k; suchthat dg;rece (Kyi, Kj) > 0. b messures how much an

indirect digance fdls below the average distance of dl keywords directly associated with a keyword. Of course, b can
a0 be goplied to pairswith finite semi-metric reduction.

5. Analysis of a Collection of Documents: The Table V: Sami-metric parswith highest s in
Interests of the Collector dissertation database.

The semi-metric ratios were gpplied to graph D of the (k. k) S( ki k) rs(k.k)
dissertation database, and the sami-meric pars with higher  ADAPTIVE SYSTEMS-COGNITION  6.39 0.84
ratios were idetified. Table V ligs the top 5 pairs for sami- EVOLUTION-CONSTRUCTIVISM ~ 5.00 0.76

melric ratio s. If we rank pars for the rddive sami-meric EVOLUTION-PSYCHOLOGY 5.00 0.73
raio rs thee is a dight ordering of the top as the par EvOLUTION-DNA 4.69 0.64
EVOLUTION-DNA drops to rank 11 ad the par LIFE- LIFE-COGNITION 455 066

COGNITION to 6", while the pair EVOLUTION-CONTROL rises
to rank 3 (from 6") and the pair EVOLUTION-INFORMATION
THEORY risesto 5" (from 20™).

What is mogt interesing about these reaults is that these pairs denote the origind contributions that were offered
by the dissatation! Indeed, the dissertation was about usng idess and mahodologies from Complex Adgptive Systems,
Evoutionary Sysems, and Artifidd Life and goply them to Artificid Intdligence and Cognitive Scdence. In paticular,
the mahemaicd modds (from Psychology) of cognitive categories were expanded using evolutionary idess, by
drawing an andogy with the symbdic characteridics of DNA. Furthermore, this framework was named Evolutionary
Congrudtiviam, a term that dd not exig previoudy, but dravs both from Evolutionary Theory and the Philosophy of
Condructiviam in Cognitive Scence and Systems Theory.

To undardand these reallts we need to remember thet the digance function d is derived from the finite st of
books used in the dissertaion. A high degree of semi-metricity for a keyword pair means that very few of the books



in the database are dmultaneoudy indexed by these two keywords but thet there exiss a gsrong indirect association
between these keywords via some indirect path whose short digances require the exigence of many rdated books for
each keywords par in the pathway. Thus a keyword par with high semi-metric behavior, implies an asociation that
is a property of the spedific collection of documents but not one identifisle in many induded documents, and rather
condructed from an indirect series of gdrongly rdaed documents In other words, the highly semi-meric pairs
represent asodiations that “were begging to be made, given this specific collection of documents. Indeed, the two pairs
(EVOLUTION-CONTROL and EVOLUTION-INFORMATION THEORY) ranked in the top 5 for the redive semi-meric rdtio,
idantify two assoddions that are certainly implied by the collection of books (given its large subsets of Cybernetics
and Information Theory books), but which were not dedt with in this dissartation — offering some topics for other
dissertationd

The below average ratio b, was dso usad to identify keyword pars with infinite semi-metric reduction. Those are
the pars that do not index smultaneoudy a sSngle book in the collection, but which are nonethdess indirectly strongly
rlated. For this particular datasst, the pairs with highes vdues of b, dd not seem to produce memningfu results This
ocould be because, bang a grdl, tigt colection of books the rdevant assodiaions implied by the collections are
dready made a leest by a amdl st of books producing a large, but finite distance. Such dtudion is not expected to
occur in larger, multi-authored collections unlike the dissartation one.

6. Analysis of Larger Datasets: Trends in Collections . G ety ey b :
The anecdotal andysis of the author's dissertation database sarved ;%bllfd\;gs?" etric parswith highet s in
the purpose of cregting an intuition of what semi-metric behavior may ) SUAARECRA
mean for DN, but to even build a hypothess, other more “subject- — > v
: ; : LEUKEMIA-MYOCARDI 27220 0.4981

independent” datasets need to be sudied.

The same semi-metric behavior ratios were used to sudy the ARP HORMON-THIN 21408 09953
detaset describe above. The distance function d (eq. 2) was calculaed CARE EXQIT 21359 09953
for the et of the 500 most common keywords, and the Semi-metric GENE-EQUAT 205.76 09951
ratios (formulas 3 to 5) were cdculated for dl keyword pars. Table EILMIRANSCRIPT 20451 0901
VI showsthetop 5 keyword pairs ranked by highest vaues of s.

To adyze thee reaults, agan, one mugt remember the origind collection of documents in this casg dl the
giertific atides published in jounds indexed by 1S in SciSearch between the years of 1996 to 1999. A keyword
par with high sami-mericity, implies that while vary few atides discuss the two topics together, a vary lage sries
of atides exigs which creates an indirect pathway between these two keywords in D. To obtain a lage semi-metric
ratio, it is necessary that each lirk in the indirect pathway be defined by short disances, which in turn require the
exigence of mary atides associaed to both keywords in the link. Thus a higly sami-metric keyword association
implies that very few documents meke that assodiation, but thet there are large sets of documents indirectly supporting
it. In this sense, the exigence of such support (paticulaly in sdentific databases) may identify a trend that can be
expected to be picked up.

While it is hard to underdand dl associdions identified in such a datasst containing so mary different topics, a
leest one asociation is observed in the data set which is meaningful to the author. The high semi-metricity of the
GENE-EQUAT® pair may be a result of the trend obsarved in the late 1990's towards computational and mathematical
bidogy as mdecular hiology darted to move into a pogt-genome bioinformatics mode [Kanehisa, 2000]. Indeed, the
andyss of the keyword pairs with infinite semi-metric reduction cheracterized by a high bdow average ratio b, seens
to gve further evidence for this dam, as the highes values of b are observed for the pairs EQUAT-MESSENGERRNA,
EQUAT-TRANSCRIPT, and EQUAT-GENE-EXPRESS. Thexe pairs associate the key word Equation with keywords thet
describe the chief technology that endbled the grestest advances in bioinfornetics in the late 1990's and today: the
Gere Expresson Arrays that dlow the rapid messurement in pardld of messenger RNA transribed from DNA in the
adl (the process of gene expresson). As expected, ratio b is useful for larger datasets not collected by a sngle author.

° Notice that ARP keywords are semmed to group different condtructions of the same term: eg. Equiation
and Equtions



In this case, it picked rdevant asxocidions that were not presant in a single document but gtrongly implied by the
overd| callection.

7. Dynamics of DN and Other Proposed Developments

The hypothess generated from the anecdotd evidence described above, is that high semi-metric keyword
asocidions, discovered in the distance function of DN defined by eg. 2, can (1) capture the interests of a person
associated with a given amdl odlletion of documents, and (2) be used to identify trends in large, multi-authored
document ocallections

Clearly, much more evidence is needed to support this hypothess We have dready goplied this study to other
caxs auch as random digance grgphs (vay smdl rdaive semi-metric ratios), digance graphs built from word
asocidion norms usad in psychologicad tests (very little semi-metric behavior), dislance grgphs built from web-dte
collective usage [Ballen & d, 1999] (dmilar results to section 5), etc. In addition to a more thorough andysis of the
smi-meric behavior of different distance functions gpplied to different DN, we propose to sudy this hypothesis by
(1) cregting an expaimentd datdbase interface to evduae how wdl the interests of users are captured by semi-
metricity, and (2) sudying the trend dynamicsin large collections of documents such asthe ARP database.

7.1 Semi-metricity Recommender

LANL'’s research library is currently offering an ided system to study how wdl semi-metric keyword associdtions
cagpture the interests of a dnge peason. The MyLibrary web portd (http/mylibrary.lanl.gov) dlows LANL usars to
dore links to publications in LANL’s severd digitd libraries with sdentific atides as wdl as links dsewhere on the
WWW. We obtained permission from the research library to develop a recommendation sysem [Rocha, 2001] to be
added to MyL.ibrary.

We propose to issue recommendations to usars of MyLibrary from pars of higly ssmi-metric keywords. We
will use the digance function defined by eg. 2 on the keywords extracted from the documents stored by esch user of
the MyLibrary sysem. Recommendations will be issued in the form of documents that users may be unaware of but
which directly associate the sami-melric keyword pars, and direly as keywords. We will collect data from user
behavior to vdidate how usfu the recommenddions are, thus gaheing evidence for the fird aspect of the semi-
metric hypothesis.

7.2 Dynamics of Trends

If high semi-metricity is indeed an indicator of trends then, by andyzing how semi-metric behavior changes in time
in a DN we should be able to diginguish red trends from indirect asociaions never picked up by authors of
documents. As a trend deveops in time, we can expect the semi-metric ratios to lower, as more and more documents
are added which directly associage the previoudy highly semi-metric keyword pars For indance if the high semi-
metridty pairs of Bioinformatics keywords rdaed to Gene Expression Arrays identified in 6 do indeed imply a trend
phenomenon, we should expect to see lower vaues of semi-metricity for these concepts in those atides published
in 2000 and beyond.

Thus we propose to callect the SciSearch artides for years 2000 and beyond, and use them as a vdidaion set for
the trends picked in the ARP database. We willl dso conduct the sami-metric andyss year by year, rather then the
whale interva from 1996 to 1999, as well as for much more than the top 500 mogt frequent keywords. A more detailed
study such as this will dlow us to capture the change in semi-metric behavior of a large set of keywords through the
years, thus gahering evidence for the second aspect of the semi-metric hypothesis to sudy the dynamics of trends
in DN.

8. Work Plan and Expected Results
Weintend to tackle this proposd with the following chronologica milestones
1. Familiaization with the mechanics of the MyLibrary sysem. Data gathering from this system.
2. Gahering of additiond SciSearch documents for years after 1999. Addition of these documentsto
database. Extraction of document-keyword relation and computation of distance function.
3. Sami-metric andyss of ather DN and other rdaions extracted from DN with different digance
functions. Comparative Sudy of distance functions and development of dternative semi-metric behavior
messures




4. Deveopment and testing of prototype Semi-Metricity Recommender for MyLibrary.

5. Year-by-year andydsof sami-metric behavior in the ARP database.

6. Implementation of semi-metricity recommender. Gathering of user feedback and collective usege

patterns.

7. ldentification of trends and their dynamicsin the ARP databese.

8. Evdudion of hypothess

In the fird year we expect to findize 1 and 2, and gart 3 which will be ongoing through the duration of the project.
In the sacond year we will tackle 4, 5, and 6. In thethird year we will continue 6, and complete 7 and 8.
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